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Summary

Rats receiving lethal irradiation to their exteriorized small intestine with pulsed 18 MVp bremsstrahlung radiation live about
4 days longer than rats receiving a dose of total-body irradiation (TBI) causing intestinal death. The LD5 o for intestinal
irradiation is approximately 6 Gy higher than the LD5o for intestinal death after TBI. Survival time after exteriorized intestinal
irradiation can be decreased, by adding abdominal irradiation. Adding thoracic or pelvic irradiation does not alter survival time.
Shielding of large intestine improves survival after irradiation of the rest of the abdomen while the small intestine is also shielded.
The kinetics of histological changes in small intestinal tissues implicate the release of humoral factors after irradiation of the
abdomen. Radiation injury develops faster in the first (proximal) 40 cm of the small intestine and is expressed predominantly
as shortening in villus height. In the last (distal) 40 cm of the small intestine, the most pronounced radiation effect is a decrease
in the number of crypts per millimeter. Irradiation (20 Gy) of the proximal small intestine causes 92% mortality (median survival
10 days). Irradiation (20 Gy) of the distal small intestine causes 27% mortality (median survival > 30 days). In addition to
depletion of crypt stem cells in the small intestine, other issues (humoral factors, irradiated subsection of the small intestine
and shielding of the large intestine) appear to influence radiation-induced intestinal mortality.

Introduction tion response. The present experiments in rats were
designed to test the possibility that (1) humoral sub-

In the past. the crypt stem cell of the small intestine has stances released by irradiated parts of the body can
been identified as the critical target for radiation injury modify radiation-induced intestinal mortality and (2)
of the intestine [2.7.9.26]. In experiments with well- different parts of the small intestinal tract have different
defined moderately homogeneous total-body irradiation radiation sensitivities. For these purposes, isolated
(TBI), shielding of short pieces of small intestine loops of small intestine with or without other parts of
improves survival after TBI f 1,14,18,22). The increase the body received single, high-dose radiation, while the
in survival time is directly correlated to the length of rest of the animal was shielded.
intestine shielded, and shielding the ileum (distal small
intestine) is more effective than shielding the duodenum Material and methods
(proximal small intestine) [22]. The interpretation
offered for these results is that the number of crypt stem Animals
cells that survive radiation in the small intestine is not Specific pathogen free Sprague-Dawley rats 6-8 weeks
the sole determinant of radiation morbidity or mortality, old and weighing 250-350 g were quarantined on arri-
Additional factors appear to modify the intestinal radia- val and screened for the absence of disease and Pseudo-

Address for correspondence: H. M. Vriesendorp, University of Texas, MD Anderson Cancer Center, Box 97, 1515 Holcombe Boulevard, Houston,
TX 77030. U.S.A.
* Present address: Department of Radiation Medicine, Georgetown University Hospita, Washington, DC 20007. U.S.A.
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monas spp. before being released. They were maintained A. Viw fac beam port
in an AAALAC-accredited facility, caged in pairs with
filter covers, and provided commercial rat food pellets 10-cm lead sr.

and acidified tap water (pH 2.5) ad libitum. Animal (~ rat Widow)

holding rooms were maintained at 21 + 2 °C with 50 0 oo666° 60090
10% relative humidity using at least 10 air changes 00,000,o: ( o le c tic -fS000 0000 0000 0000 (howe cut rl bottom for

per hour of 100% conditioned fresh air. They were on "°t00-r:ze00 ex ,tedesxe)

a 12 h light/dark full-spectrum light cycle with no Acrl,, b

twilight. Lights were on between 7:00 a.m. and f (tb, 725 cm)

7: 00 p.m. AAyg

Surgery and anesthesia B. Latral view
General anesthesia was maintained during surgical pro-
cedures using ketamine hydrochloride (50 mg/kg) in 10-cm lead

combination with xylazine hydrochloride (10 mg/kg) sield

given intramuscularly and supplemented as needed.
Aseptic procedures were used. A midline abdominal
incision was made and the portion of the small intestine
to be shielded or irradiated was exteriorized. --Acryk for

Hemorrhage was not normally a problem in this surgi- Acr/k fsca,,e,

cal procedure; however, if it occurred, 4-0 chromic gut suport bse Acrylc
suture material was used to ligate bleeding vessels. The sp bae

Acryli

animal was irradiated as described below. After ir- b~

radiation, the small intestine was repositioned in therabdiatiominalcavit the smalia i was repositioned iFig. 1. Physical set up for exposure of small intestine to 18 MeVabdominal cavity and the abdominal wall was closed linear accelerator.
using single interrupted 4-0 monofilament nylon su-
tures. The skin was closed with clamps. Anesthesia was
maintained for the entire time (approximately 40 min).
Pedal reflexes were monitored to assure maintenance of Dose measurements were made with ionization
adequate anesthesia depth. Animals were allowed to chambers and thermoluminescent dosimeters (TLDs)
regain consciousness in individual cages after com- placed in an acrylic rat or intestinal phantom. Ioni-
pletion of the irradiation exposure and surgical closure. zation chambers were used to determine the dose rate

according to the protocol established by Task Group 21
Irradiation of the American Association of Physicists in Medicine
A linear accelerator was operated at 18 MVp, 60 pul- [19]. The TLDs were used to determine dose uniformity
ses/sec, 4 usec pulse width, and a nominal dose rate of and the effectiveness of the shielding. Single doses
10 Gy/min. A bremsstrahlung beam was generated by between 15 and 60 Gy were used. Doses higher than
impinging 18 MeV electrons onto a 4-mm thick water- 60 Gy were not used because of the logistics of working
cooled tantalum target. The average photon energy was with animal tissue radioactivity induced by neutron ac-
6 MeV. The target to skin distance was 325 cm. The tivation [27] and the higher doses delivered to the
dose per pulse was determined before irradiation of shielded areas. Experiments of a maximum of 12 rats
each group of animals. The restraint device allowed for were planned per day and always performed during the
shielding of the exteriorized portion of the small intes- same time of day. All animals were irradiated bctwe-.n
tine or shielding of different parts of the body with slabs 10: 00 a.m. and 3: 00 p.m.
of lead during irradiation. Lead slabs 0.5, 1.0, 2.0, 3.0, In addition to the exteriorized small intestine, three
or 10.0 cm thick were used. Figure 1 shows the physical different 5 x 5 cm fields, were irradiated: (1) the
setup. The exteriorized intestine was contained in a thorax, which included heart, mediastinum, and lungs;
30-ml glass beaker filled with Ringer's lactate at a tem- (2) the abdomen, which included liver, gall bladder,
perature of 37 'C. Every radiation exposure was moni- spleen, stomach, kidney, adrenal gland, pancreas, and
tored by two ionization chambers in the field that were colon; and (3) the pelvis, which includes bhLddcr,
calibrated to the midline dose in an acrylic rat or intesti- rectum, and testes. The irradiated exteriorized small
nal phantom for each irradiation day. The actual dose intestine consisted of the entire 80 cm of small intestine
delivered was + 3% of the prescribed dose. that can be exteriorized or the (proximal) first 40 cm,
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the middle 40 cm or the last (distal) 40 cm of the small A. B.

intestine. >30

25
Animal care after irradiation 20S20 -
Rats remained in individual cages after irradiation.
They were evaluated for appetite, hydration, health 5 is
status, and diarrhea twice a day during the normal work • .
week and once daily during the weekends. Moribund 10

animals and animals that had completed the experiment 54
(>30 days after irradiation) were killed by CO2  0 -

15 17.5 20 30 60 11 13 15 17inhalation. Approximately 15% of the animals were Dose to sinai intestine (Gy) Dose to total body (Gy)

killed before day 30 when they were considered mori- Fig. 2. Influence of small intestinal irradiation or TBI on survival.
bund. The other 85% was found dead on inspection Survival times of individual animals are shown by closed circles. Bar
rounds or killed at the completion of the experiments. height indicates mean survival time. Experiments are terminated

after day 30.
Morphometric analysis
Computer-assisted morphometric studies [Bioquant
System IV; R&M Biometrics, Inc., Nashville, TN group were analyzed for statistical significance by the
(1985)] were performed on tissues obtained from ani- Student's t-test (Fig. 2 and Table IV). Nonparametric
mals killed at predetermined days. The small intestine tests (Mann-Whitney rank test) were used for deter-
samples were taken at 20, 40, and 60 cm of an average mining differences between experimental groups with
80-cm total length. The samples at 20 cm (proximal) survival times not normally distributed (Figs. 2,3 and
and 60 cm (distal) were selected for complete histologi- 4). For Fig. 5, a linear-regression, analysis was per-
cal and statistical analysis. The tissues were fixed in formed. In the analysis of Fig. 6A.B, t-tests and an
10°o buffered formalin. Transverse sections were analysis of variance (ANOVA) was performed.
embedded in paraffin. Five-micron sections were cut,
placed on glass slides, and stained with hematoxylin Results
and eosin. At least five slides per animal were analyzed
for each sample. Tissues of three or more animals were Dosimetnr
used for each parameter evaluated: the intestinal cir- Tables I and II summarize the TLD studies. The
cumference. crypts per millimeter, villus height, and the isolated intestinal loop received a moderately homo-
number of cells per crypt-villus length. A crypt con- geneous radiation dose; the ratio between the maximum
taining only necrotic cells (crypt abscess) was not
counted. The base of the villus was determined by com-
paring several adjacent villi and drawing a line through
the estimated bases of several villi. Villus height and ... ....
villus-crypt length were measured in millimeters from >, 30 -
the tip to the base of the villus and the muscularis 25
mucosa. respectively. Tissues taken from the proximal_ 5
and distal small intestines from four experimental E 20-
groups were analyzed: (1) rats receiving 20 Gy irradia- *
tion to 80 cm of exteriorized small intestine, (2) rats 25
receiving 20 Gy of abdominal irradiation while 80 cm of
exteriorized small intestine were shielded, (3) rats 7
receiving 20 Gy irradiation to the abdomen and the V 5 - ST
80 cm of exteriorized small intestine, and (4) rats receiv- A]
ing anesthesia, surgery, and sham-irradiation. 0 roxima Middle Distal

(40) (40) (40)
Statistics Part of intestine irradiated (cm)LD_,o values were determined by probit analysis Fig. 3. Influence of partial small intestinal irradiation with 20 Gy on
(Fig. 2). Differences in means of survival times or mor- survival. Survival times of individual animals are shown by closed

phometric parameters between two experimental circles. Bar height indicates median survival time. Experiments are

groups or between an experimental group and a control terminated after day 30.
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Fig. 4. Survival after a 20 Gy dose of radiation to exteriorized small E
intestine and irradiation of additional body parts. Survival times of = . -,
individual animals are shown by closed circles. Bar height indicates - -

mean survival time. Experiments are terminated after day 30.

15 -0.4o _ I " I

0 1 2 3 4 5 6 7 8 9

DOys postliradition

S10 : - Fig. 6. Changes in the number of crypts/mm (A) and villus height
10 .. (B) after intestinal irradiation. Mean values with standard error bars

_ -values of control animals are given in parentheses.

.5 5-

(A exteriorized without irreversibly disturbing the normal
anatomy. Figure 2, panel A summarizes the effect of

0 - radiation on 80 cm of exteriorized small intestine. For
1.0 4.5 7.5 11.0 13.5 18.0 comparison, Fig. 2, panel B also shows results obtained

Dose to abdormen Gy) in a previous study of TBI using the same rat model
Fig. 5. Influence of the radiation dose received by the abdomen on [22]. Irradiating the isolated small intestine caused
survival after 20 Gy radiation to exteriorized small intestine. Survi- morbidity (watery diarrhea and lethargy) and mortality
val time of individual animals is shown by closed circles. Bar height at higher radiation doses and at a later time than after
indicates mean survival time. Experiments are terminated after thig

day 30. TBI.
The LD50 ,s,) and 95!o confidence limits after

exteriorized intestinal irradiation were 17.9 Gy
and minimum measured dose was 1.11 (105:95; (17.1-19.5). The LDo,5 6 and 95', confidence limits
Table I, last column). The shielding of the rat's body after TBI were 12.3 Gy (12.0-12.9). The LD,,,3, and
was effective, as 7°0 or less of the central-axis open- 95%• confidence limits after TBI (using all the data
field dose was measured in the shielded rat phantom. given in reference 22) were 9.9 Gy (9.0-10.5). Probit
Adding an abdominal field of 5 x 5 cm contiguous to the analysis for the LD50 /6 data is of limited value due to
irradiation field of the exteriorized intestinal loop result- 0'%, or 100%, responses for most data. Just averaging
ed in an abdominal dose of approximately 90°0 of the the difference between the highest dose leading to a
intestinal dose. Shielding appeared to be effective in this bone marrow syndrome (11 Gy) and the lowest dose
array as well. Eight percent or less of the open-field dose leading to an intestinal syndrome (13 Gy) gives a LD 50o6
was measured behind the shield. Highest doses were of 12 Gy (instead of 12.3 Gy with probit analysis).
found close to the block edges. The mean survival time after high dose intestinal

irradiation was 8 '; days and the mean survival tine for
Irradiotion of emerionzed small intestine the intestinal syndrome after TBI is 5 days. This
The maximum length of small intestine that can be difference is statistically significant (p < 0.01). Thus,
exteriorized in the rat is approximately 80 cm. The sto- the LD 50 was approximately 5.5 Gy higher for ir-
mach and the first 5-8 cm of the small intestine, the radiation of the exteriorized small intestine and survival
latter due to its retroperitoneal location, cannot be time was approximately 3-4 days longer than after TB1.



164

TABLE I

Dosimeters in rat phantom and intestinal loop phantom.a

Thermoluminescent Rat bodyb (shielded) Intestinal loop' (irradiated)
dosimeter placement

Location Dose (O) Location Dose ('o)

Top -. bottom 0.8d 4
midline field I.8d 4

2.5d 4
3.2d 5
4.1d 7 0 . 1 d 98

Central axis 100
(2.5)d
4.6d 105

Left -. right IV (nose) 6
mid-level phantom 31 5 0.3c 105

51 5 0.8' 100
7.5' (mid) 5 1.5' 100
9. 5 2. V 104

111 5 2.60 102
13' 5
15 (tail) 5

Entry - exit 0.81 4 0.3f 100
mid-level phantom 1.8' 4 0 .9 r 101

2.5' 5 1.5f 100
3.2' 5 2. V 97
4. 6 2.6' 95

Radiation set up as in Fig. I. Doses in percent of central intestinal dose.
Acrlic cylinder (nose end tapered), diameter 5.0 cm, height 16.0 cm.
Acrylic flat end cylinder, diameter 3.0 cm, height 5.0 cm in glass flask.

d Centimeters from top of midline field.
Centimeters from left of phantom.
"Centimeters from entry of phantom. TABLE 1!

Dosimetry in rat phantom for irradiating rat abdomen."

The survival time of animals receiving 20 Gy to their Thermoluminescent Location (cm) Dose'
small intestine was longer than the survival of animals dosimetry placement
receiving 30 Gy (p < 0.01). The difference between the
20 and 60 Gy group did not reach statistical signifi., Abdomen Top 87To - otmBottom 90
cance, presumably due to the limited number of animals Midline (open field)
tested. In contrast, survival times of rats given TBI of
13, 15, 17, 20, or 30 Gy were not significantly different. Left n right 3 4
Data for the 20-Gy and 30-Gy TBI groups are not at midplane 5 5
shown in Fig. 2. Results in Fig. 3 indicate that the most Phantom 7 8

sensitive part of the small intestine was the proximal (Open field from 8.0-13.0 cm) 9 90

20-40 cm of the small intestine. After 20 Gy the median 11

survival time was 10 days. Irradiation of the middle 13 27

40 cm or distal 40 cm with 20 Gy caused mortality sig- 15 (tail) 6

nificantly later in some animals (p < 0.001). However, Abdomen Entrance 87
Entry -. exit Exit 85

most of the animals receiving 20 Gy to the middle or Midline (open field)

distal 40 cm of the small intestine survived longer than _ ___ ____(openfield)

30 days. Dosimetry performed in a 5 x 5 cm field with thermoluminescent
dosimeters. Radiation set up as in Fig. I. Phantom same as

Irradiation of small intestine and other body compartments used in Table I.Irradiffer n intestinentndother body compartments wh Dose in percent of dose of exteriorized small bowel simul-
Different body compartments were irradiated in ad- taneously irradiated in extension of 5 x 5 cm abdominal field.
dition to the whole 80 cm of small intestine. Figure 4 Rest of body shielded with 10 cm of lead. Open field values in bold

summarizes these results. Thoracic irradiation (5 x print.
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TABLE III 30 days after radiation. Shielding of the large intestine.
Small intestinal circumference in millimeter + SE* after irradiation while the small intestine and the rest of the abdomen
to abdomen or small intestine. received 20 Gy, did not influence the survival time of

rats, when compared to animals without large intestinalExperimental group Proximal Distal s
small intestine small intestine shielding (data not shown). In separate experiments,

the amount of radiation received by the abdomen in the
I Control day 0 9.00 ± 0.01 9.50 ± 0.02 5 x 5 cm field was decreased by placing lead slabs 0.5,
2 Abdominal irradiation 1.0, 2.0, 3.0, or 10.0 cm thick in the field. The ex-

(20 Gy) 16.50 ± 0.10 27.50 ± 0.10 teriorized small intestine always received 20 Gy. Figure
small intestine shielded 5 summarizes the results and shows that the mean
day 5

3 Small intestine irradiation survin al time correlated inversely with the dose given to
(20 Gy) 11.50 + 0.05 14.00 ± 0.05 the abdomen. By regression analysis a correlation
body shielded day 5 coefficient of - 0.94 is found with a p value of <0.01.

* Three animals per entry, 15 observations; differences between Morphometfics of shielded intestine
group I and 2 are different with a p value of <0.001 in a t-test for
proximal as well as distal small intestine. The circumference of the shielded small intestine in-

creased after a 20 Gy dose of abdominal radiation. Five
days after irradiation, the increase was more pro-

5 cm field, 20 Gy) or pelvic irradiation (5 x 5 cm field, nounced in the distal than in the proximal part of the
20 Gy) did not change survival time after small intesti- small intestine (Table III). In the vili of the proximal
nal irradiation. However, abdominal irradiation (5 x small intestine, shrinkage was observed (decrease in
5 cm field, 20 Gy) reduced survival time from approxi- villus length with increasing numbers of cells per mil-
mately 10 days to 5 days and made it similar to survival limeter in comparison to controls), while in the villi of
times after 15 or 20 Gy of TBI. Death before day 10 the distal small intestine, elongation and an increased
after irradiation was observed in animals receiving TBI, number of cells were observed (concentration of cells
intestinal irradiation, or partial body irradiation in ad- per millimeter was same as in control, see Table IV).
dition to irradiation of the exteriorized small intestine. Smaller differences in the same direction as noted in
Two days preceding the day of death, all irradiated Tables III and IV were seen on postirradiation days 3,
animals showed watery-thin diarrhea and lethargy. 6 and 8. The day of the largest difference (day 5) was
Irradiation with 20 Gy of the abdominal field alone with selected for presentation.
80 cm of the small intestine exteriorized and shielded
caused late mortality (> 10 days) in some animals. Morphometrics of irradiated intestine
Their cause of death could not be determined. When, in Direct irradiation of the exteriorized small intestine
addition to 80 cm of small intestine, 15 cm of proximal caused different histological abnormalities in the proxi-
large intestine were exteriorized and shielded and the mal and the distal small intestine. In the proximal
rest of the abdomen received 20 Gy, all animals sur- region, a larger decrease in villus length was observed
vived > 30 days. Irradiation (20 Gy) of the exteriorized while, in the distal region, the decrease in the number
large intestine alone did not induce any mortality within of crypts per millimeter was more pronounced. This

TABLE IV

Villus height (mm) and cells per villus-crypt after irradiation to abdomen or small intestine.*

Experimental crypt group Villus height Cells per villus

Proximal intestine Distal intestine Proximal intestine Distal intestine

I Control 0.44 0.24 58.4 33.6
day 0 (0.03) (0.01) (3.2) (1.6)

2 Abdominal irradiation (20 Gy) 0.15 0.34 25.6 68.8
small intestine shielded day 5 (0.02) (0.04) (1.6) (4.8)

3 Small intestine irradiation (20 Gy) 0.13 0.11 16.8 11.2
body shielded day 5 (0.02) (0.02) (3.2) (2.4)

* Three animals per entry, 15 observations, standard error between brackets. Differences between group I and 2 are significant in a t-test

at a p value of <0.001, except for cells per villus crypt in the distal intestine, where p value is <0.01.
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TABLE V Therefore, the observed difference in LD 50 and survival
Paradox between effects of irradiation and shielding.* time between TBI and small intestinal irradiation

(Fig. 2) are real biological differences and not due to
Experimental protocol Mean survival time (days) differences in absorbed dose in the intestines under the

Proximal Distal two different radiation setups. No clinical differences
intestine intestine were observed between animals dying after TBI or after

small intestines irradiation, indicating that the cause of
20 Gy radiation to death was the same in both groups. i.e. fluid and electro-

exteriorized small lyte loss [6]. Reabsorption of electrolytes and fluid from
intestine with rest
of body shielded 10 >30 the irradiated small intestine by the (nonirradiated)

15 Gy TBI and intestinal colon might play a role in extending survival in animals
shielding 6 7 subjected to small intestinal irradiation. The animals in

the last column of Fig. 4 (irradiated abdomen; shielded
* See text for explarnation. large intestine) probably provide an example of pro-

longed survival due to reabsorption of fluids and elec-
decrease of crypts per mm in the distal region started trolytes in the large intestine [21]. Previously, other
later than the decrease in villus length in the proximal investigators have irradiated exteriorized small intes-
region; although, for both (crypts per millimeter and tines of rats using higher doses of radiation and shorter
villus length) the maximum decrease was found day 5-6 length of intestines (2.5 cm) than used in the present
postirradiation. Plotted in Fig. 6A,B are daily means study [ 12]. Late deaths (between 20 and 100 days after
minus the normal mean (day 0) plus and minus one radiation) were observed and proven to be due to
standard error. For villus height (Fig. 6B), normalized radiation-induced intestinal obstruction. This mode of
distal values were higher than those for normalized death was not observed in our study due to the indicated
proximal values for all time periods (p < 0.001). For differences in experimental design between the studies.
normalized crypt values (Fig. 6A), there was no signifi- Twenty Gy to exteriorized large intestine did not
cant difference between the distal and proximal values induce mortality within 30 days after irradiation.
on day 3. P values for the differences on the remaining Shielding of the large intestine did not change the survi-
days (5, 6, 8) were respectively. 0.0186, 0.0069, and val time observed after small intestinal plus abdominal
0.001 and indicated significantly less crypts/mm in the irradiation. Reabsorption of fluids in the large intestine
distal small intestines on those days. appears to be only one of the mechanisms that prolongs

A 2-way ANOVA was run to determine any signifi- survival after small intestinal or abdominal irradiation.
cant interaction in Fig. 6A,B. Significance was found in The difference in survival time after small intestinal
both cases (p < 0.001) indicating that distal and proxi- irradiation or TBI can be attributed to the influence of
mal values behave differently across time. From Fig. 6A structure(s) distinct from the small intestine that are
it appears that the difference occurs between days 3 and only irradiated in the TBI procedure. Blood or lymph
5; distal values fall (from normal) faster than proximal vessels feeding or draining the small intestine are
values do. From Fig. 6B it appears that the difference irradiated in both cases and cannot explain the differ-
occurs between day 0 and 3, in that proximal values fall ence observed. Larger vessels (aorta, vena cava, and
from normal faster than distal values. thoracic duct) are only irradiated during TBl. Radiation

To determine what significant changes occur across effects on large vessels are not expected to influence
time for both normalized proximal and distal values, a mortality due to intestinal toxicity occurring 5 to 10
I-way ANOVA was run for values on days 3, 5, 6, and days after radiation. By exclusion of other explanations,
8. In most cases, significant (p < 0.01) changes were the release of humoral substances in the irradiated
found. Days 5 and 6 were the exception. No significant tissues (other than the small intestine) remain as a more
changes were found in values for these days. probable explanation of the observed results. Such sub-

stances would travel to and influence events in the small
Discussion intestines outside the irradiated field. After abdominal

irradiation, the changes in intestinal circumference of
For experiments with TBI as well as with smaller field the nonirradiated small intestine suggest the release of
irradiation, such as isolated loops of the small intestine, a humoral factor that decreases muscular tone of the
well-defined dosimetry is a prerequisite. The results in small intestine (see Table III). The results shown in
Tables I and II indicate that the planned doses were Table IV suggest the presence of humoral factor(s) with
received in a moderately homogeneous manner [ 19]. different effects on the proliferation of cells in the
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nonirradiated proximal and distal small intestine. The creases in crypt function (secretion, cell production) in
influence of dietary factors on intestinal histology after the distal small intestines remain compatible with survi-
irradiation was excluded by comparison of experimen- val if sufficient villus functior remains. The effec-
tal animals to surgery/anesthesia controls. Eating habits tiveness of shielding the distal small intestine as evi-
of control and experimental animals receiving intestinal d-mced in a preceding paper [71 can be explained by
or abdominal irradiation were similar up to day 6 post- assuming humoral factors from the shielded distal small
irradiation. intestine that influence regeneration in the irradiated

Shielding experiments (Fig. 4) exclude bone marrow proximal small intestine. Such "trophic" factor(s)
as the source of the suggested humoral substances that would have to travel through the bloodstream to affect
influence mortality from radiation damage to the small the proximal small intestine and would be different from
intestine. Animals with most of their bone marrow the humoral factors released by the irradiated abdomen
irradiated (pelvis, thorax or both, the latter data not postulated in this communication. The shielded proxi-
shown) did not die earlier than animals receiving mal small intestine could release substances into either
exteriorized small intestinal irradiation only. Tissues the intestinal lumen or the bloodstream that influence
other than bone marrow as sources for humoral factors the irradiated distal small intestine, but, if so, they
remain to be considered. Radiation itself might change would affect the prevention or delay of radiation mor-
secretion patterns in surviving cells directly. More tality less significantly. The sites of origin, mode of
likely, initial release of humoral factors after radiation transportation, and target sites for humoral factors
is caused by cell death. Due to the short time period postulated in this communication appear to be similar
after abdominal irradiation in which effects are ob- to suggestions made on totally different data sets sum-
served ( < 6 days), cells would have to die quickly after marized in a recent review of intestinal physiology [4].
irradiation if they are to be the source of humoral fac- The reviewed studies explored the adaptation of the
tors. Rapid death occurs in high-turnover self-renewal small intestine to surgical resection and food diversions
systems or in other specific tissues by the mechanism of and indicated trophic luminal factors coming from the
apoptosis ("interphase") death. This would implicate proximal intestine and trophic systemic factors from the
lymphocytes, spermatogonia, large intestinal cells, and distal small intestine.
some types of exocrine cells as potential sources of The crypt stem cell assay as described by Withers
humoral factors [9,15,16,17]. Testes were included in and Elkind utilizes the jejunum [26]. Figure 6A indi-
the pelvic field; irradiating them did not appear to cates that this assay will indicate an "average" radiation
influence survival. Splenic lymphocytes, exocrine damage if taken as representing the radiation response
glands (like the pancreas and gall bladder) and the of the whole small intestine. Less damage is seen in
stomach were included in the abdominal irradiation proximal crypts (duodenal), more damage in distal
field and might be the source of the suggested factors. crypts (in the ileum). Overall results and in particular
Studies of irradiated dogs with surgically changed and the survival timnes observed in our study (Fig. 3) indicate
separated flows of bile, pancreatic secretions, and that the crypt stem cell assay in the jejunum cannot
"intrinsic" intestinal secretions indicated that se- predict morbidity or mortality after intestinal ir-
cretions of the irradiated pancreas can decrease survi- radiation.
val time and increase histological changes in the intesti- Wheldon and Michalowski postulated that radiation
nal mucosa after abdominal irradiation [8,11]. distinguishes between so-called Hierarchial (H) self-

An interesting paradox was revealed between proxi- renewal systems and Flexible (F) self-renewal systems
mal and distal small intestine. Early mortality was by the latency period of expression of radiation damage
found only after irradiation of the proximal small intes- [ 25 ]. H-systems would have a fixed latency period inde-
tine (Fig. 3). However, as shown earlier, shielding the pendent of radiation dose that is equivalent to the stem
distal small intestine prolonged survival more effectively cell transit time (the time it takes a stem cell tc produce
[I.2 . In Table V, the paradoxical sets of observations end cells). F-systems would show an inverse relation-
are summarized. Radiation of the proximal small intes- ship between latency period and radiation dose. The
tine causes death earlier. Histologically predominantly small intestines were considered a H-system, with a
a "villus" response is observed (Fig. 6B). After ir- latency period of 5 days, determined by the time it takes
radiation of the distal small intestine (histologically pre- a crypt stem cell to reach the villus tip [2,51. Results
dominantly a "crypt" response; Fig. 6A), mortality given in Fig. 2 indicate that their proposed discrimina-
occurs later or not at all. A decrease in villus function tory test for H/F systems identifies the small intestine
(absorption) in the normal small intestines would cause as an H-system after TBI but as an F-system after small
rapid functional deficits and mortality, whereas de- intestinal irradiation. It appears that the proposed use
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of radiation to discriminate between H- and F-systems after intestinal radiation. Therefore, we conclude, like
excludes the influence of humoral factors (such as hor- others before us [ 13,21 ] that with at least a moderately
mones, growth factors, or toxins) on latency periods uniform dose distribution and an endpoint selection in
and cannot be applied to circumstances where those laboratory animals based on absorbed dose in the
effects can be observed, appropriate compartment of the body, no evidence

Recently, in studies using small rodents delayed exists for a significant influence of the bone marrow
deaths were observed after radiation doses that are syndrome on the intestinal syndrome.
considered to cause an intestinal syndrome. The inves- The implicatiuons 3f the described research are im-
tigators changed the previous definition of this endpoint portant for clinical management of certain types of
(death occurring up to 6 days after TBI [ 13]) to death radiation accidents, e.g. irradiation to the abdomen.
occurring up to 10 days after TBI [ 10,20]. This defini- For accurate prognostication, the doses received by the
tion change was justified by claiming that in specific proximal small intestine, the distal small intestine, and
pathogen free animals the intestinal syndrome can be the abdomen must be determined separatel). This will
delayed [ 10,20]. However, rats in the present study probably require biological dosimetry given that intesti-
were also specific pathogen-free and died from intesti- nal organs are distributed diffusely in the abdomen.
nal damage 5 days after high-dose TBI. Other studies Presently, the enzyme diamine oxidase (DAO) :s a
with germ-free mice and totally decontaminated dogs prime candidate for assaying the absorbed dose using
showed that intestinal mortality is delayed only by 1-2 intestinal biopsies. However, it would not be suitable
days (not 5 days) and that an increase in LD50 of for defining doses received by other abdominal organs
approximately 1.5 Gy is observed [5,9,23]. The exten- from which biopsies cannot be taken easily and/or
sion of the endpoint for intestinal lethality to day 10 contain very little DAO [3]. In retrospect, the differ-
after irradiation causes an overlap between intestinal ences observed in response of the proximal and distal
syndrome (death after TBI before day 10) and bone small intestine to radiation are not surprising, as their
marrow syndrome (death between day 6 and 30 after tissues do differ in various other aspects, e.g. mor-
TBI) lethality: this adjustment can be justified if one phology, function, and neuroendocrine factors. Further
could demonstrate experimentally that irradiation of a studies are required to explore the mechanisms of
large volume of bone marrow enhances intestinal radiation damage to different parts of the small
toxicity and mortality (not found in this communica- intestine, as the radiation-induced intestinal syndrome
tion; see Fig. 4) or that transplanting bone marrow cells appears to be more complicated than previously appre-
after irradiation prevents or delays death from intestinal ciated. New applications of the information obtained
radiation toxicity. In fact, this was not observed in will not be limited to radiation protection or radiation
several investigations using different species [21,24]. In oncology, but will also be useful in studies of intestinal
one of the more recent studies the authors claimed a physiology and pathology.
beneficial influence of bone marrow transplantation on
radiation -induced intestinal mortality. However. do- Acknowledgments
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appropriately and bone marrow transplantation could This research was supported by the Armed Forces
only have relieved mortality in animals that were Radiobiology Research Institute, Defense Nuclear
destined to die from bone marrow aplasia [20]. In the Agency, under work unit 107. The opinions and
other study using a 10-day endpoint of intestinal death assertions contained herein are those of the authors; no
sufficient detail to support uniformity of dose distribu- endorsement by the Defense Nuclear Agency has been
tion was not given [ 10]. Indeed, the radiation quality given or should be inferred. The experiments reported
and treatment distances reported in both communi- herein were conducted according to the principles set
cations produce nonuniform radiation distributions in forth in the "Guide for the Care and Use of Laboratory
small rodents [28]. The dosimetry preformed in our Animals", Institute of Animal Resources, National
study indicates that over or under doses to different Research Council, DHEW Publications No.
compartments in the body can change survival patterns (NIH)78-2.



169

References

I Bond, V. P., Swift, M. N., Allen, A. C. and Fishler, M. C. Sensi- glands. In: Pathology of Irradiation. pp. 408. Editor. C. C.
tivity of abdomen of rat to x-irradiation. Am. J. Physiol. 164: Berdgis, Williams & Wilkins Co., Baltimore. 1971.
323-330, 1956. 16 Stephens, L. C., King. G. K., Peters. L.J., Ang, K. K.,

2 Bond, V. P., Fiedner, T. M. and Archambeau, J. 0. Mare- Schultheiss, T. E. and Jardine, J. H. Acute and late radiation
malian Radiation Lethality, a Disturbance in Cellular Kinetics, injury in rhesus monkey parotid glands. Evidence of interphase
pp. 231-275, Academic Press, New York, 1965. cell death. Am. J. Pathol. 124: 469-478, 1980

3 DeBell. R. M., Ledney, G. D. and Snyder, S. L. Quantification 17 Sucui, D. Cellular death by apoptosis in some radiosensitive
of gut injury with Diamine Oxidase activity: development of a and radioresistant mammalian tissue. J. Theor. Biol. 105:
fission neutron RBE and measurements with combined injury in 391-401, 1983.
mouse models. Radiat. Res. 112: 508-516, 1987. 18 Swift, M. N. and Taketa, S. T. Modification of acute intestinal

4 Dowling, R. H. Update on intestinal adaptation. Triangle radiation syndrome through shielding. Am. J. Physiol. 185,
Sandoz J. Med. Sci., 27: 149-164, 1988. 85-91, 1956.

5 Fry, R. J. M., Reiskin, A. B., Kisieleski, W., Sallese, A. and 19 Task Group21. Radiation Therapy Committee, AAPM. A pro-
Staffeldt, E. Radiation effects and cell renewal in rodent tocol for the determination of absorbed dose from high-energy
intestine. In: Comparative Cellular and Species Radiosensitivity, photon and electron beams. Med. Phys. 10: 741-771, 1983.
pp. 255-270. Editors: V. P. Bond and T. Sugahara. lgaku Shoin, 20 Terry, N. H. A. and Travis, E. L. The influence of bone marrow
Tokyo, 1969. depletion on intestinal radiation damage. Int. J. Radiat. Oncol.

6 Geraci, J. P., Dunston, S. G., Jackson, K. L., Mariano, M. S., Biol. Phys. 17: 569-574, 1989.
Holeski, C. and Eaton, D. L. Bile loss in "ie acute intestinal 21 Van Bekkum, D. W. and de Vries, M. J. Radiation Chimeras.
radiation syndrome in rats. Radiat. Res. l09: 47-57, 1987. Logos Academic Press, London, 1%7.

7 Hendry, J. H., Potten, C. S. and Roberts, N. P. The gastro- 22 Vigneulle, R. M., Vriesendorp, H. M., Taylor. P., Burns, W. and
intestinal syndrome and mucosal clonogenic cells. Relationships Pelkey, T. Survival after total body irradiation. 1. Effects of
between target cells sensitivities. LD.o and cell survival and their partial small bowel shielding. Radiat. Res. 119: 313-324. 1989.
modification by antibiotics. Radiat. Res. 96: 100-112, 1983. 23 Vriesendorp, H. M., Heidt, P. and Zurcher, C. Gastrointestinal

8 Hiatt. N.. Morgenstern, L. and Warner, N. E. Prolongation of decontamination of dogs treated with total body irradiation and
post irradiation survival by diversion of intestinal content. bone marrow transplantation. Exp. Hematol. 9: 904-916, 1981.
Radiat. Res. 35: 301-310, 1968. 24 Vriesendorp, H. M., Klapwijk, W. M., Heidt, P. J., Hogeweg, B.,

9 Maisin, J., Maisin, J. R. and Dunjic, A. The gastrointestinal Zurcher, C. and Van Bekkum, D. W. Factors controlling the
tract. In: Pathology of Irradiation, pp. 296-344. Editor: C. C. engraftment of transplanted dog bone marrow cells. Tissue
Berdjis, Williams & Wilkins Co., Baltimore, 1971. Antigens 20: 63-75, 1982.

10 Mason, K. A.. Withers, H. R. and Davis, C. A. Dose dependent 25 Wheldon, T. E. and Michalowski, A. S. Alternate models for
latency of fatal gastrointestinal and bone marrow syndromes. the proliferative structure of normal tissues and their response
Int. J. Radiat. Biol. 55: 1-5. 1989. to irradiation. Br. J. Cancer 53, Suppl. VII: 382-385, 1986.

I1 Morgenstern L. and Hiatt, N. Injurious effects of pancreatic 26 Withers, H. R. and Elkind, M. M. Radiosensitivity and
secretions on post radiation enteropathy. Gastroenterology 53: fractionation response of crypt cells of mouse jejunum. Radiat.
923-929. 1967. Res. 38: 598-613, 1969.

12 Osborne, J. W.. Prasad. K. N. and Zimmerman, J. R. Changes 27 Wilensick. R. M., Almond, P. R., Oliver, G. D. and DeAlmeida,
in rat intestine after X irradiation of exteriorized short segments C. E. Measurements of fast neutrons produced by high energy
of ileum. Radiat. Res. 43: 131-142, 1970. x-ray beams of medical electron accelerators. Phys. Med. Biol.

13 Quastler. H. Studies on roentgen death in mice. I. Survival time 18: 396-401, 1973.
and dosage. Am. J. Roentgenol. 54: 449-456, 1945. 28 Zocteliclf, J.. Hcrnen. L. A. and Broerse, J. J. Some practical

14 Quastler. H.. Lanzl, E. F., Keller. M. E. and Osborne, aspects of dosimetry and dose specifications for whole body
J.W. Acute intestinal death. Studies on roentgen death in mice. irradiation. In: Response of Different Species to Total Body
111. Am. J. Physiol. 164: 546-556, 1951. Irradiation, pp. 3-28. Editors: J. J. Broerse and T. J. MacVittie.

15 Sommers. S. C. Effect of ionizing radiation upon endocrine Martinus Nijhoff Publishers. Boston, 1984.

A... .

J. 0

DTIC QTUALIT rNSPErCTgT) (IAribution I

Avdabilit'y Codes

Sp Avail ,ndlor13i(, , Specila


